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Search for N ew  P artic les in T w o-Jet F inal S ta tes in 7 T eV  P ro ton -P roton  C ollisions
w ith  th e  A TLA S D etecto r  at th e  LHC
T h e A TLAS C o llab o ra tio n  
(Dated: September 6, 2010)
A search for new heavy particles manifested as resonances in two-jet final states is presented.
The data were produced in 7 TeV proton-proton collisions by the Large Hadron Collider (LHC) and 
correspond to  an integrated luminosity of 315 nb_1 collected by the ATLAS detector. No resonances 
were observed. LTpper limits were set on the product of cross section and signal acceptance for 
excited-quark (q*) production as a function of q* mass. These exclude at the 95% CL the q* mass 
interval 0.30 <  m q* <  1.26 TeV, extending the reach of previous experiments.
P A G S  n u m b ers: 1 3 .8 5 .R m , 1 2 .6 0 .R e, 13.87.C 'e, 14 .80 .-j
T w o-je t (d ije t) events in  h igh-energy  p ro to n -p ro to n  
(pp) collisions a re  u su a lly  d escribed  in  th e  S ta n d a rd  
M odel (SM ) by  app ly ing  q u a n tu m  ch rom odynam ics 
(Q C D ) to  th e  sc a tte r in g  of b ea m -co n stitu e n t q u ark s  an d  
gluons. Several ex tensions beyond  th e  SM p red ic t new  
h eav y  partic les, accessible a t  LH C  energies, th a t  decay  
in to  tw o energetic  p a rto n s . Such new  s ta te s  m ay  in ­
clude an  exc ited  com posite  q u a rk  q *, exem plify ing q u a rk  
su b s tru c tu re  [1-3]; an  ax ig luon  p red ic ted  by  ch ira l color 
m odels [4, 5]; a flavour-un iversal co lo r-oc te t co loron  [6, 7]; 
o r a co lo r-oc te t techn i-p  m eson  p red ic ted  by  m odels o f ex­
te n d ed  techn ico lo r an d  to p co lo r-a ssis ted  techn ico lo r [8- 
11]-
P a rtic u la r ly  sensitive to  such new  o b jec ts  is th e  
d ije t in v a rian t m ass observable, defined as =
^ / (E ^ 1 + Ei'2)2 — (pi1 + i> '2)2, w here E  an d  p  a re  th e  
je t  energy  an d  m om en tum , respectively . Several experi­
m en ts  have exam ined  d is trib u tio n s  in  search  of new  
resonances [12-17]; recently , 1.13 fb _1 of pp  collision d a ta  
a t  th e  F erm ilab  T eva tron  collider have excluded  th e  ex­
istence of exc ited  q u ark s q* w ith  m ass 260 <  m q* <  
870 G eV  [16]. T h is  L e tte r  re p o r ts  th e  first search  by  
th e  ATLA S experim en t [18] a t  th e  LH C  for such m as­
sive p artic le s  in  pp  collisions a t  a cen tre-o f-m ass energy  
of a/s =  7 TeV, based  on a  d a ta  sam ple  co rrespond ing  
to  an  in te g ra te d  lum inosity  of 315 n b - 1 . T h e  analysis 
p resen ted  here focused on  a search  for exc ited  q u ark s  b e ­
cause of th e  accessible p red ic ted  cross section  [2, 3] for 
such p artic le s  an d  th e  b en ch m ark  n a tu re  of th e  m odel 
th a t  allows lim its  on  accep tance  tim es cross section  to  
be se t for re so n a n t s ta te s  w ith  in trin sic  w id th s narrow er 
th a n  th e  ex p erim en ta l reso lu tion .
T h e  analysis techn ique consisted  of a m odel- 
in d ep en d en t search  for a d ije t m ass resonance on to p  of 
a sm o o th  an d  ra p id ly  falling sp e c tru m  an d  relied  on th e  
m easu red  d is trib u tio n  to  e s tim a te  th e  b ackg round  
level to  th is  new  possib le signal. In  th e  absence of an  
observed  new  physics signal, u p p e r lim its  w ere d e te r­
m ined  on p ro d u c ts  o f cross section  (a )  an d  signal ac­
cep tan ce  (*4) for several q* te s t  m asses for a  s ta n d a rd  set 
of m odel p a ra m ete rs .
T h e  A TLAS d e tec to r  [18] is a m u ltip u rp o se  p a rtic le
physics a p p a ra tu s  w ith  a fo rw ard-backw ard  sym m etric  
cy lindrica l g eo m etry  an d  n ea r  4n  coverage in  solid an ­
gle [19]. T h e  overall lay o u t o f th e  d e tec to r  is d o m in a te d  
by  its  four su p e rco n d u c tin g  m ag n e t system s, w hich com ­
prise a th in  solenoid  su rro u n d in g  inner trac k in g  d e tec to rs  
an d  th ree  large to ro id s  w ith  an  eigh tfo ld  az im u th a l sym ­
m etry .
T h e  ca lo rim eters, w hich are su rro u n d e d  by  an  ex ten ­
sive m uon system , are of p a r tic u la r  im p o rta n ce  to  th is  
analysis. In  th e  p se u d o ra p id ity  region |?y| <  3.2, high- 
g ra n u la rity  liqu id -a rgon  (LA r) e lec trom agne tic  sam pling  
ca lo rim eters  a re  used. A n iro n -sc in tilla to r tile  calorim e­
te r  provides h ad ro n ic  coverage in  th e  range  |?y| <  1.7. T he 
end -cap  an d  fo rw ard  regions, sp an n in g  1.5 <  |?y| <  4.9, 
a re  in s tru m e n te d  w ith  L A r ca lo rim e try  for b o th  e lec tro ­
m agnetic  an d  h ad ro n ic  m easu rem en ts.
T h e  d a ta  sam ple w as co llected  d u rin g  s ta b le  periods 
of 7 TeV  pp  collisions using  a tr ig g e r con figu ra tion  re­
qu iring  th e  low est-level ha rd w are -b ased  ca lo rim e ter je t  
tr ig g e r to  sa tisfy  a  nom inal tran sv e rse  energy  th resh o ld  
of 15 G eV  [20]. T h is tr ig g e r h a d  an  efficiency g rea te r 
th a n  99% for events w ith  a t  least one je t  w ith  tran sv e rse  
energy  h igher th a n  80 GeV.
Je ts  w ere rec o n stru c te d  using  th e  anti-fc^ je t  c lu ste r­
ing a lg o rith m  [21] w ith  a rad iu s  p a ra m e te r  R  =  0.6. 
T h e  in p u ts  to  th is  a lg o rith m  w ere c lu ste rs o f calorim e­
te r  cells seeded by  cells w ith  energy  sign ifican tly  above 
th e  m easu red  noise. J e t  four-vectors w ere c o n s tru c te d  
by  perfo rm ing  a four-vector sum  over these  cell c lusters, 
tre a tin g  each  as an  (E , p ) four-vecto r w ith  zero m ass. 
T hese  w ere co rrec ted  for th e  effects o f ca lo rim eter non­
co m p en sa tio n  an d  inhom ogeneities by  using  transverse- 
m o m en tu m  (p t ) an d  jy-dependent ca lib ra tio n  fac to rs 
based  on M onte C arlo  (M C) co rrec tions an d  v a lid a ted  
w ith  ex tensive te s t-b e a m  an d  co llision -da ta  stud ies  [20, 
22]. T h e  observable w as co m p u ted  w ith o u t unfo ld­
ing je ts  to  h ad ro n s  or p a rto n s .
In  o rd er to  supp ress cosm ic-ray  an d  b ea m -re la ted  back­
g rounds, events w ere req u ired  to  co n ta in  a t  least one 
p r im a ry  collision vertex , defined by  a t  least five recon­
s tru c te d  ch a rg ed -p artic le  tracks, each  w ith  a position , 
w hen e x tra p o la te d  to  th e  beam line, o f |¿ | <  10 cm.
2Events w ith a t least two je ts  were retained  if the highest 
PT je t (the “leading” je t) satisfied pT >  80 GeV and the 
next-to-leading je t satisfied pT >  30 GeV; th is ensured 
th a t the  d a ta  sample had  high and unbiased trigger and 
je t reconstruction  efficiencies. Those events containing a 
poorly m easured je t w ith p T >  15 GeV were vetoed to  
prevent cases where a je t was incorrectly identified as one 
of the  two leading je ts  [23]; th is affected the event selec­
tion by less th an  0.5%. The two leading je ts  were required 
to  satisfy several quality  criteria  [23] and to  lie outside de­
tecto r regions where the je t energy was not yet m easured 
in an optim al way, such as the interval 1.3 <  |njet| <  1.8. 
Finally, b o th  je ts  were required to  be in the pseudorapid­
ity  region |njet| <  2.5, and their pseudorapidity  difference 
was required to  satisfy |njl — n 1  <  1.3. These cuts, 
which suppress high-m ass SM m ultijet background, were 
determ ined by perform ing an optim ization of the po ten­
tial signal from q* decays (using a q* m ass of 1 TeV) 
com pared w ith the SM background. There were 132,433 
candidates th a t satisfied these requirem ents.
The final event sample was selected by requiring the 
dijet invariant mass to  satisfy m j j  >  200 GeV in order to  
elim inate any poten tia l kinem atic bias in the m j j  d istri­
butions from the selection requirem ents on the je t can­
didates. There were 37,805 events in th is sample, which 
formed the m j j  d istribu tion  shown in Fig. 1.
MC signal events were generated using the excited- 
quark (qg ^  q*) production  model [2, 3]. The excited 
quark q* was assum ed to  have spin 1 /2  and quark-like 
couplings, relative to  those of the SM S U (2), U (1), and 
S U (3) gauge groups, of f  =  f ' =  f s =  1, respectively. 
The com positeness scale (A) was set to  the q* mass. 
Signal events were generated using PYTHIA [24] 6.4.21, 
a leading-order parton-show er MC generator, w ith the 
modified leading-order M RST2007 [25] parto n  d istribu­
tion functions (PD Fs) and w ith the renorm alization and 
factorization scales set to  the  m ean p T of the two leading 
jets. PYTHIA was also used to  decay the excited quarks 
to  all possible SM final states, which were dom inantly  qg 
bu t also qW , q Z , and qY. The MC samples were pro­
duced [26] using the ATLAS MC09 param eter tune [27] 
and a GEANT4-based detector sim ulation [28].
Figure 1 shows the predicted signals for q* masses 
of 500, 800, and 1200 GeV, after all selection cuts. 
The signal acceptance (A), which included reconstruc­
tion and trigger efficiencies near 100%, was found to  
range from ~  31% for m q* =  300 GeV to  ~  48% for 
m q* =  1.7 TeV [29]. The choice of dijet m ass bin­
ning was m otivated  by the dijet m ass resolution of the 
signal. The predicted experim ental w idth ranged from 
a mn /m j j  ~  11% a t m q* =  300 GeV to  a mn /m j j  ~  7% 
a t m q* =  1.7 TeV and was dom inated by the detector 
energy resolution.
The background shape was determ ined by fitting the
observed spectrum  w ith the function [16]
f  (x) =  p i(1  — x)p2xp3 +p4 lnx, (1)
where x =  m ™ j a / s  such th a t / ( l )  =  0 and ƒ (0) —> +oo, 
and p{1,2 ,3 ,4 } are free param eters. The xp4 ln x factor was 
included to  describe the high-m jj  p a rt of the spectrum . 
The function in Eqn. 1 has been shown to  fit the  m jj  
observable well in PYTHIA, HERWIG, and next-to-leading- 
order (NLO) pertu rbative  QCD predictions for pp col­
lisions a t y/s =  1.96 TeV [16]. Studies using P Y T H IA  
and the ATLAS GEANT4-based detector sim ulation were 
perform ed to  dem onstrate th a t the sm ooth and m ono­
tonic form of Eqn. 1 describes Q CD -predicted dijet mass 
distributions in pp  collisions a t a / s  =  7 TeV. There is 
good agreem ent between the MC prediction and the fit­
ted  param etrization  in Eqn. 1, as evidenced by a x 2 per 
degree of freedom of 27/22 over the dijet m ass range 
200 <  m jj  <  1900 GeV.
The results of fitting the d a ta  w ith Eqn. 1 are shown 
in Fig. 1. The presence or absence of detectable 
m j j  resonances in th is d istribu tion  was determ ined by 
perform ing several s ta tistical tests of the background- 
only hypothesis. A suite of six tests was employed: 
the B um pH unter [30], the  Jeffreys divergence [31], the 
K olm ogorov-Sm irnovtest, the  likelihood, the Pearson x 2, 
and the TailH unter sta tis tic  [32]. The agreem ent of the 
d a ta  w ith the background-only hypothesis of a sm oothly 
varying and m onotonic d istribu tion  was determ ined for 
each sta tis tic  by calculating the p-value for the d a ta  using
103 pseudo-spectra draw n from Poisson variations seeded 
by the results of the fit of Eqn. 1 to  the data . The p-value 
of the background-only hypothesis is defined as the frac­
tion of pseudo-experim ents th a t result in a value of the 
given sta tis tic  greater th an  the value of the same s ta tis­
tic found by the fit to  the data . The results of all six 
tests were consistent w ith the conclusion th a t the fitted 
param etrization  described the observed d a ta  d istribu tion  
well, w ith p-values in excess of 51%. These observations 
supported  the background-only hypothesis.
In the  absence of any observed discrepancy w ith the 
zero-signal hypothesis, a Bayesian approach was used 
to  set 95% credibility-level (CL) upper lim its on a  ■A  
for hypothetical new particles decaying into dijets w ith 
|nje t| <  2.5. For each of the test masses (indexed by v ) 
corresponding to  the excited-quark q* predictions, a like­
lihood function L v was defined as a product of Poisson 
factors com puted for each bin (i) of the m j j  distribution:
s) EE n  (2)
i
where di is the observed num ber of d a ta  events in bin 
*, bvi is the background in bin i obtained as described 
below, and si (v) is the predicted signal added in bin i by 
the signal tem plate; the la tte r was norm alized to  the to ­
ta l num ber of predicted signal events s =  ^ i si (v). For
3Reconstructed mlj [GeV]
FIG. 1. The data (D) dijet mass distribution (filled points) 
fitted using a binned background (B) distribution described 
by Eqn. 1 (histogram). The predicted q* signals [2, 3] for 
excited-quark masses of 500, 800, and 1200 GeV are over­
laid, and the bin-by-bin significance of the data-background 
difference is shown.
each v, the backgrounds in the bins bvi were evaluated 
from a sim ultaneous five-param eter fit of the signal and 
background distributions to  ensure th a t the  background 
determ ination  would not be biased by the presence of 
any signal. The four background param eters were those 
in Eqn. 1; the  fifth param eter consisted of the norm aliza­
tion of the predicted vth q* signal tem plate. To avoid ac­
ceptance bias, the lowest q* test m ass used was 300 GeV. 
For every q* mass, Eqn. 2 was com puted for a range of 
possible signal yields, s, and the resulting likelihood func­
tion was m ultiplied by a flat prior in s to  give a posterior 
p robability  density in s. The 95% probability  region was 
then  determ ined by in tegration of the  posterior proba­
bility distribution . This Bayesian technique was found 
to  yield credibility intervals th a t corresponded well w ith 
frequentist confidence intervals. This was verified by per­
forming a series of pseudo-experim ents to  determ ine, by 
way of a stan d ard  frequentist calculation, the coverage, 
or the  fraction of tim es th a t the 95% Bayesian credibility 
interval contained the tru e  num ber of signal events.
The dom inant sources of system atic uncertainty, in de­
creasing order of im portance, were the absolute je t en­
ergy scale (JES), the background fit param eters, the in­
teg ra ted  luminosity, and the je t energy resolution (JER ). 
The JES uncertain ty  was quantified as a function of p T 
and njet, w ith values in the range 6 ~  9% [20, 33, 34]. 
The je t calibration  relied on the MC sim ulation of the 
response of the ATLAS detector; its uncertain ty  was con­
stra ined  by varying the ATLAS sim ulation and from in
situ inform ation. The system atic uncertain ty  on the de­
term ination  of the background was taken from the uncer­
ta in ty  on the param eters resulting from the fit of Eqn. 1 
to  the d a ta  sample. The uncertain ty  on a  ■A  due to  
in tegrated  lum inosity was estim ated to  be ±11%  [35]. 
The JE R  uncertain ty  was trea ted  as uniform  in p T and 
njet w ith a value of ±14%  on the fractional p T resolu­
tion of each je t [36]. The effects of JES, background 
fit, in tegrated  luminosity, and JE R  were incorporated  
as nuisance param eters into the likelihood function in 
Eqn. 2 and then  m arginalized by num erically in tegrating 
the product of th is modified likelihood, the prior in s, 
and the priors corresponding to  the  nuisance param eters 
to  arrive a t a modified posterior probability  d istribution. 
In the course of applying th is convolution technique, the 
JE R  was found to  make a negligible contribution  to  the 
overall system atic uncertainty.
Figure 2 depicts the resulting 95% CL upper lim its on 
a  ■ A  as a function of the  q* resonance m ass after incorpo­
ra tion  of system atic uncertainties. Linear in terpolations 
between test masses were used to  determ ine where the 
experim ental bound intersected w ith a theoretical pre­
diction to  yield a lower lim it on allowed mass. The cor­
responding observed 95% CL excited-quark mass exclu­
sion region was found to  be 0.30 <  m q* <  1.26 TeV us­
ing M RST2007 PD Fs in the  ATLAS default MC09 tune. 
Table I shows the results obtained using CTEQ6L1 [37] 
and CTEQ 5L [38] PD F sets. The variations in the  ob­
served lim it associated w ith the error eigenvectors of 
a C T E Q  PD F set were found to  be smaller th an  the 
spread displayed in Table I. The excluded regions were 
~  30 GeV greater when only sta tistica l uncertainties were 
taken into account. The expected lim its corresponding to  
the d a ta  sam ple were com puted using an analogous ap­
proach, bu t replacing the actual d a ta  w ith pseudo-data 
generated by random  fluctuations around the sm ooth 
function described by fitting the d a ta  w ith Eqn. 1; these 
are shown in Fig. 2, w ith a resulting expected q* mass 
exclusion region of 0.30 <  m q* <  1.06 TeV using 
M RST2007 PD Fs. As indicated in Table I, the  two other 
P D F sets yielded sim ilar results, w ith expected exclusion 
regions extending to  near 1 TeV. An indication of the de­
pendence of the m q* lim its on the theoretical prediction 
for the  q* signal was obtained by sim ultaneously vary­
ing bo th  the renorm alization and factorization scales by 
factors of 0.5 and 2, which was tan tam oun t to  modifying 
the predicted cross section by approxim ately ±20% ; this 
changed the observed M RST2007 lim it of 1.26 TeV to 
1.32 TeV and 1.22 TeV, respectively.
In conclusion, a m odel-independent search for new 
heavy particles m anifested as m ass resonances in dijet 
final sta tes was conducted using a 315 n b -1  sample of
7 TeV pro ton-pro ton  collisions produced by the LHC and 
recorded by the ATLAS detector. No evidence of a res­
onance structu re  was found and upper lim its a t the 95% 
CL were set on the products of cross section and signal
4TABLE I. The 95% CL lower limits on the allowed q* mass obtained using different PDF sets.
Observed Mass Limit [TeV] Expected Mass Limit [TeV]
MC Tune PDF Set Sta.t. © Syst. Stat. only Sta.t. © Syst.
MC09 [27] MRST2007 [25] 1.26 1.28 1.06
MC09' a CTEQ6L1 [37] 1.20 1.23 0.99
PerugiaO [39] CTEQ5L [38] 1.22 1.25 1.00
a T h e  M C 09' tu n e  is id e n t ic a l to  M C 09  e x ce p t for th e  P Y T H I A  [24] p a r a m eter  P A R P (8 2 )=  2 .1  a n d  u se  o f  th e  C T E Q 6 L 1  P D F  set .
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FIG. 2. The 95% CL upper limit on a ■ 
dijet resonance mass (black filled circles). 
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credibility intervals of the expected limit 
dashed curves represent excited-quark a 
different MC tunes, each using a different
A as a function of 
The black dotted 
limit and the light 
the 68% and 95% 
respectively. The 
■ A  predictions for 
PDF set.
acceptance for hypothetical new q* particles decaying to  
dijets. These d a ta  exclude a t the  95% CL excited-quark 
masses from the lower edge of the  search region, 0.30 TeV, 
to  1.26 TeV for a stan d ard  set of model param eters and 
using the ATLAS default MC09 tune [27]. This result ex­
tends the reach of previous experim ents and constitutes 
the  first exclusion of physics beyond the S tandard  Model 
by the ATLAS experim ent. In the future, such searches 
will be extended to  exclude or discover additional hypo­
thetical particles over greater mass ranges.
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